Vascular smooth muscle cells (VSMC) undergo many phenotypic changes when placed in culture. Several studies have shown that the levels of expression of soluble guanylyl cyclase (sGC) or cGMP-dependent protein kinase (PKG) are altered in cultured VSMC. In this study the mechanisms involved in the coordinated expression of sGC and PKG were examined. Pro-inflammatory cytokines that increase the expression of type II NO synthase (inducible NO synthase, or iNOS) decreased PKG expression in freshly isolated, non-passaged bovine aortic SMC. However, in several passaged VSMC lines (i.e. bovine aortic SMC, human aortic SMC, and A7r5 cells), PKG protein expression was not suppressed by cytokines or NO. sGC was highly expressed in nonpassaged bovine aortic SMC but not in passaged cell lines. Restoration of expression of sGC to passaged bovine SMC using adenovirus encoding the ␣ 1 and ␤ 1 subunits of sGC restored the capacity of the cells to increase cGMP in response to NO. Furthermore, treatment of these sGC-transduced cells with NO donors for 48 h resulted in decreased PKG protein expression. In contrast, passaged rat aortic SMC expressed high levels of NOresponsive sGC but demonstrated reduced expression of PKG. Adenovirus-mediated expression of the PKG catalytically active domain in rat aortic SMC caused a reduction in the expression of sGC in these cells. These results suggest that there is a mechanism for the coordinated expression of sGC and PKG in VSMC and that prolonged activation of sGC down-regulates PKG expression. Likewise, the loss of PKG expression appears to increase sGC expression. These effects may be an adaptive mechanism allowing growth and survival of VSMC in vitro.
guanylyl cyclases, which are activated by peptide hormones such as atrial natriuretic peptide. sGC is a heterodimer that consists of two subunits, termed ␣ and ␤, which are linked by disulfide bonds, and has a prosthetic heme group covalently bound to the heterodimer (1, 2) . NO activates cGMP synthesis by binding to the heme, leading to the conversion of GTP to cGMP. Although two isoforms of each subunit have been cloned from rat and bovine lung, the a 1 b 1 heterodimer has been found in most tissues and cell types, including vascular smooth muscle cells (VSMC) (3) (4) (5) (6) .
NO and cGMP are involved in many physiological processes such as VSMC relaxation, apoptosis, proliferation, migration, and extracellular matrix production (7) (8) (9) (10) . An important cGMP receptor protein expressed in VSMC is cGMP-dependent protein kinase (PKG), which is ultimately responsible for mediating the effects of cGMP in vascular smooth muscle relaxation (11) . There are two distinct genes encoding PKG in mammalian cells, the type I and type II genes (12, 13) . Type I, which is the gene product expressed in VSMC, exists as two isoforms, PKG I␣ and PKG I␤, generated by alternate mRNA splicing of the type I gene (13) .
There is much current interest in the regulation of gene expression by NO and cGMP (14) . However, less is known about the regulation of PKG and sGC gene expression in VSMC. This is particularly important because several studies demonstrate that sGC and PKG expression are altered in VSMC in culture. Indeed, we have suggested that the loss of PKG expression in cultured rat aortic VSMC may be responsible in part at least for the phenotypic modulation of the cells from a more differentiated, contractile phenotype to a dedifferentiated, synthetic phenotype (15) . Several studies show that PKG expression is decreased in VSMC after balloon catheter injury in vivo (16, 17) .
Recently our laboratory demonstrated that inflammatory cytokines and lipopolysaccharide (LPS), biological modulators associated with inflammation, suppressed PKG I gene expression in VSMC through a mechanism involving the expression of inducible, type II NO synthase (iNOS). Other studies show that sGC is down-regulated in various cells in response to various stimuli (18 -20) . In rat pulmonary artery SMC, for instance, NO donors were found to reduce sGC subunit mRNA levels, and this effect was inhibited by the addition of a selective sGC inhibitor (20) . Additionally, sGC has been shown to be downregulated in young and aging rats that are spontaneously hy-pertensive (21) . The down-regulation of sGC and/or PKG would be expected to impair the ability of NO to regulate VSMC functions, potentially contributing to the excessive proliferation and secretory activity of VSMC in vascular disorders.
In the current study we have examined the role of sGC activity on PKG expression in cultured VSMC. We found in several lines of VSMC expressing high levels of PKG that pro-inflammatory cytokines and NO donor compounds were unable to induce cGMP synthesis or reduce PKG expression. This lack of responsiveness was determined to be due to loss of sGC activity and protein expression. Adenovirus-mediated gene transfer of ␣ 1 and ␤ 1 sGC subunits followed with NO treatment decreased PKG protein expression in VSMC.
EXPERIMENTAL PROCEDURES
Materials-Fetal bovine serum (FBS), Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin, and gentamicin were purchased from Invitrogen. Human recombinant IL-I␤ and TNF-␣ were purchased from R&D systems (Minneapolis, MN). LPS was obtained from Sigma. Cell Culture-Aortas from freshly sacrificed cattle were generously provided by Kimbrell Slaughterhouse (Saraland, AL) and Richardson Meat (Tuscaloosa, AL). Bovine aortic VSMC were prepared from the anterior region below the aortic arch. Briefly, cells were propagated in DMEM containing 10% FBS, 2.5 g/ml amphotericin B, 200 g/ml penicillin-streptomycin, and 50 g/ml gentamicin and grown in a 5% CO 2 incubator at 37°C. Most experiments were conducted using passaged bovine aortic VSMC (passage 2-10). HuAoSMC were grown according to the manufacturer's specifications and protocol. A7r5 cells were cultured in DMEM containing 10% FBS and 50 g/ml gentamicin in a 10% CO 2 incubator at 37°C. Rat aortic VSMC were isolated and cultured as previously described (22) . Rat aortic VSMC were grown in DMEM containing 5% FBS, 5% calf serum, and 50 g/ml gentamicin in a 10% CO 2 incubator at 37°C. The routine subculturing procedure was to remove the cells using buffered trypsin and to plate the cells at as 35,000 cells/cm 2 plating density. Viability was assessed after each experiment using trypan blue exclusion.
Protein Extraction and Western Blot Analysis-Cultured VSMC were extracted with 20 mM potassium phosphate, pH 6.8, 150 mM NaCl, 1% Triton X-100, 10 M leupeptin, 0.1 mM phenylmethylsulfonyl fluoride, 10 M pepstatin A, and 10 mM benzamidine. After centrifugation, the supernatants (10 g) were mixed with an equal volume of 2ϫ sample loading buffer (125 mM Tris-HCl, pH 6.9, 4% SDS, 50% glycerol, 0.02% bromphenol blue and 1.4% ␤-mercaptoethanol). The proteins were resolved by electrophoresis in 10% SDS-polyacrylamide gels and transferred to nitrocellulose. The blots were blocked in 5% nonfat milk and probed with anti-PKG (Stressgen, Carlsbad, CA), anti-sGC (Alexis Biochemicals, San Diego, CA), or anti-␤-actin (Sigma) antibodies as previously described (22) .
Isolation of RNA and Northern Analysis-Total cellular RNA was isolated from cell monolayers using Qiagen RNeasy Mini Kit (Valencia, CA) as instructed by the manufacturer's protocol. RNA (15 g) was resolved on 1% formaldehyde agarose gels, and Northern analysis was performed as previously described (22) . Briefly, membranes were then washed with 2ϫ SSC and 0.1% SDS at room temperature, 2ϫ SSC and 0.1% SDS at 42°C, and 0.1ϫ SSC with 0.1% SDS at 65°C, consecutively. All values were normalized to glyceraldehyde-3-phosphate dehydrogenase values, which served as the housekeeping gene for quantitative analysis. The probes for bovine iNOS and glyceraldehyde-3-phosphate dehydrogenase were generated as purified insert DNAs and labeled using the Stratagene Random Prime DNA labeling kit (La Jolla, CA).
Amplification of Adenovirus-Adenoviruses (Ad) expressing the ␣ 1 and ␤ 1 subunits of sGC or the catalytic domain of PKG were generated as previously described (23) . Briefly, Ad␣ 1 , Ad␤ 1 , Ad-Cat, and AdLacZ are E1-deleted replication-defective adenoviruses. Ad ␣ 1 contains the cDNA encoding the 82-kDa ␣ 1 subunit of sGC. Ad ␤ 1 contains the cDNA encoding the 70-kDa ␤ 1 subunit of sGC. Ad-Cat contains the coding sequence for the PKG-1 catalytic domain (residues 336 -671 of the ␣ isoform). AdLacZ carries the lacZ gene encoding a nuclear-localizing variant Escherichia coli ␤-galactosidase. Adenovirus was amplified based on a method developed by Becker (24) . All peak fractions were combined, and 0.1% bovine serum albumin was added. The virus titer was analyzed by plaque assay, and aliquots were stored at Ϫ80°C to prevent degradation.
Adenovirus Infection of Aortic SMC-Bovine aortic VSMC (passage 2-10) were plated at a 15,000 cells/cm 2 density and allowed to adhere overnight. Cells were infected with AdLacZ (200 m.o.i.) or co-infected with Ad␣ 1 and Ad␤ 1 (m.o.i. 50 -100 each) for 4 h in DMEM without serum at 37°C. Culture medium containing 10% FBS was added to each plate, and cells were allowed to grow for 48 h. Infection efficiency was measured using the Stratagene in situ ␤-galactosidase immunohistochemical staining kit (La Jolla, CA) and by immunostaining for the ␤ 1 subunit of sGC. Similar to previous studies using rat aortic SMC infected with PKG-containing adenovirus (15), we found that for sGC subunit expression, an m.o.i. of 100 -200 was sufficient to infect Ͼ90% of the cells. For infection of rat aortic SMC with Ad-Cat, an m.o.i. of 200 was sufficient to infect 90% of the cells.
Cyclic Nucleotide Radioimmunoassay-cGMP levels were quantified using the radioimmunoassay method as previously described (25) . Briefly, cells were cultured in 35-mm dishes and treated with cytokines or NO donors. Cells were extracted with 750 l of 0.1 N HCl, 50% methanol. The extracts were lyophilized and resuspended in 500 l of water for determination of cGMP levels. Tubes were counted for 1 min in a Cobrell Auto Gamma counter (Packard), and data were analyzed using Assay Zap software (Biosoft). Each plate was scraped with 0.1 N NaOH and assayed for protein concentration by the Bradford method. Sample values were compared with protein concentration and expressed as pmol of cGMP per mg of protein.
Soluble Guanylyl Cyclase Activity Assay-Intracellular activity of sGC was measured using a modified method developed by Murad and co-workers (4). Cell monolayers were rinsed twice with ice-cold phosphate-buffered saline and harvested with 1.0 ml of 50 mM triethanolamine-HCl buffer, pH 7.6. Samples were homogenized, sonicated for 20 s at 50% power, and centrifuged at 14,000 ϫ g for 30 min at 4°C. Sample supernatants were collected, and protein concentration was determined using the Bradford assay. Each reaction contained 30 g of sample in a final volume of 100 l of 1.0 M Tris-HCl, pH 7.5, containing 0.5 mM isobutylmethylxanthine, and 7.5 mM creatine phosphate containing 5 units of creatine phosphokinase. Each reaction was preincubated in the absence or presence of 10 M DEA-NONOate for 10 min at 37°C. Assays were initiated by the addition of 4 mM MgCl 2 and 1 mM GTP. The reactions were incubated at 37°C for 10 min and terminated by the addition of 900 l of ice-cold 50 mM sodium acetate buffer, pH 4.0. Samples were placed on ice for 5 min. Supernatants were collected, and a cGMP radioimmunoassay was performed.
Statistical Analysis-All data are expressed as the means Ϯ S.E. Each experiment was performed in duplicate with n ϭ 3. Statistical differences between values were evaluated by Student's t test or oneway analysis of variance. Statistical significance was then determined by Tukey's post-test using GraphPad Prism software with significant probabilities at p Ͻ 0.05.
RESULTS
Effect of Cytokines on PKG Expression-Initial studies were conducted to identify smooth muscle cell model systems for examining the relationship between PKG expression and cytokine-dependent elevations in cGMP concentrations. In primary bovine aortic SMC, cytokines, such as IL-I␤ and TNF-␣, as well as LPS increased intracellular cGMP levels and decreased PKG mRNA and protein expression (25) . However, similar studies performed with bovine aortic SMC that had been passaged several times (2-9 passages) yielded entirely different results. As shown in Fig. 1 , treatment with IL-I␤, TNF-␣, or LPS had no significant effect on PKG protein expression in passaged bovine aortic SMC. Similar results were obtained when this experiment was conducted in HuAoSMC and A7r5 cells (not shown). To determine the reasons for the differences observed between primary and passaged bovine aortic SMC, the effects of cytokines and LPS on the NO-cGMP-signaling pathway were more closely examined. As shown in Fig. 2 , TNF-␣, IL-I␤, or LPS increased iNOS mRNA expression in passaged bovine aortic SMC. The fold-increase in iNOS mRNA expression was difficult to quantify because non-treated cells express little if any measurable iNOS. Nevertheless, these findings confirmed those of other laboratories and demonstrated that the cytokine signaling pathway that is responsible for iNOS expression was present in both the primary and the passaged VSMC (25, 26) .
Effect of Cytokines and NO Donors on cGMP Production-We examined the effects of cytokines on cGMP levels in primary and passaged bovine aortic SMC. Cells were treated with cytokines and LPS for 24 h, and cGMP levels were assessed. As shown in Fig. 3A , cytokines and LPS increased cGMP levels 10 -20-fold in primary, non-passaged bovine aortic SMC, whereas in the passaged cultures of bovine aortic SMC the cytokines had no significant effect on cGMP levels (Fig. 3B) . To determine whether these results could have been due to sGC that was unresponsive to the effects of cytokines bovine aortic SMC were treated with different NO donors, and cGMP levels were measured. As shown in Fig. 4 , A and B, NO donors SNP (10 M), SNAP (100 M), and DEA-NONOate (1 and 5 M) had no effect on cGMP levels in passaged bovine aortic SMC or HuAoSMC, respectively. In contrast, treatment of passaged rat aortic SMC with these NO donors resulted in a more than 100-fold elevation in cGMP levels (Fig. 4C) . The actions of SNP and SNAP depend on cell metabolism to release NO, whereas DEA NONOate directly releases NO, suggesting that the lack of response to the various NO donor drugs was not due to defects in the capacity of the cells to produce NO from NO donors but, rather, from decreases in NO-sensitive guanylyl cyclase.
Soluble Granulate Cyclase Activity and Expression in Bovine
Aortic SMC-As shown in Fig. 5A , high levels of NO-stimulated sGC activity were present in passaged rat aortic SMC and primary bovine aortic SMC, but no detectable NO-stimulated sGC activity was measured in passaged bovine aortic SMC and HuAoSMC. To explain this decrease in sGC activity, we analyzed sGC protein expression by Western blotting. As shown in Fig. 5B , immunoblotting using antibodies that detect primarily the ␤ 1 of sCG indicated that high levels of sGC protein were expressed in rat lung, passaged rat aortic SMC, pulverized bovine aorta, and primary bovine aortic SMC. However, sGC protein expression was undetectable in passaged bovine aortic SMC and HuAoSMC. It is also important to note that the expression of PKG was high in both primary and passaged bovine aortic SMC and HuAoSMC but was virtually absent in passaged rat aortic SMC (Fig. 5B) . These results suggest that except for freshly plated primary cultures of bovine aortic SMC, the expression of PKG and sGC may be inversely correlated in cultured VSMC.
Restoration of Soluble Guanylyl Cyclase Expression Using Adenovirus-
The activity of sGC is dependent upon expression of both the ␣ and ␤ subunits of the enzyme. Adenoviruses expressing each subunit, Ad␣ 1 and Ad␤ 1 , were utilized to restore sGC protein expression in passaged bovine aortic SMC. Co-infection with Ad␣ 1 and Ad␤ 1 restored sGC expression in passaged bovine aortic SMC (Fig. 6A) . To determine whether restoration of sGC protein expression yielded an active enzyme, adenoviral-infected cells were stimulated with DEA-NONOate (10 M) for 3 min, and cGMP levels were measured. As shown in Fig. 6B , treatment of infected cells with DETA-NONOate increased cGMP production more than 100-fold, thus confirming the findings of Sinnaeve et al. (16) . Control infected cells contained no sGC activity and lacked NO responsiveness.
Effect of NO on PKG Expression-To examine the possible role of sGC and NO in the regulation of PKG expression in VSMC, the sGC-expressing SMC infected with adenoviruses containing the coding sequences for the sGC subunits were treated with DETA NONOate (10 M) for 48 h, and PKG expression was measured
FIG. 1. Effect of cytokines and LPS on PKG expression in VSMC.
Primary and passaged bovine aortic VSMC were stimulated with IL-I␤ (10 ng/ml), TNF-␣ (10 ng/ml), or LPS (100 g/ml) for 48 h, and PKG protein levels were assessed by immunoblotting. Values shown are the means Ϯ S.E. of at least three independent experiments. *, p Ͻ 0.01 versus control.
FIG. 2. Effect of cytokines and LPS on iNOS mRNA expression.
Passaged bovine aortic VSMC were stimulated with IL-I␤ (10 ng/ml), TNF-␣ (10 ng/ml), or LPS (100 g/ml) for 24 h, and iNOS mRNA levels were measured by Northern blot analysis. CTL, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
FIG. 3. Measurement of intracellular cGMP levels in VSMC.
Primary (panel A) and passaged (panel B) bovine aortic VSMC were treated for 24 h with IL-I␤ (10 ng/ml), TNF-␣ (10 ng/ml), or LPS (100 g/ml). cGMP levels were measured using radioimmunoassay. Note the difference in the scales of the ordinate in panels A and B. Data are expressed as means Ϯ S.E. of at least three experiments. p Ͻ 0.05 versus control. using immunoblotting. As shown in Fig. 7 , passaged bovine aortic SMC infected with AdLacZ, which served as a control, demonstrated no change in PKG protein expression in the presence of a NO donor. However, PKG expression was decreased more than 60% in cells co-infected with Ad␣ 1 and Ad␤ 1 and stimulated with NO. These results suggest that NO-stimulated sGC and cGMP production inhibits PKG protein expression in passaged bovine aortic SMC and that sGC expression mediates PKG suppression in these cells.
Effect of PKG on sGC Expression-To examine the role of PKG in regulating SGC expression we used passaged rat aortic SMC that express high levels of sGC but low levels of PKG (see Fig. 5 ). Infection of these cells expressing the active catalytic domain of PKG-I resulted in suppression the expression of the ␤ 1 subunit of sGC, whereas the ␣ 1 subunit was only marginally reduced by the presence of active PKG (Fig. 8) . AdLacZ, which served as a control, had no effect on sGC subunit expression. These results suggest that active PKG-I can inhibit sGC activity by down-regulating the expression of the ␤ 1 subunit.
DISCUSSION
The overall purpose of this study was to examine the role of sGC in regulating PKG levels in VSMC. Previously, our laboratory has shown that repetitively passaged rat aortic SMC express little or no PKG but are highly responsive to NO donors with large elevations in cGMP (25, 27) . However, during the course of these investigations, we found that several other VSMC cultures, i.e. passaged bovine aortic SMC, HuAoSMC, and A7r5 cells, still express high levels of PKG. In this study, when attempting to activate PKG in these later cell lines by adding cytokines (Fig. 3) or NO donor compounds (Fig. 4) , we were unable to increase cGMP levels above base line. Furthermore, incubation of these cell cultures with NO donors plus cGMP phosphodiesterase inhibitors, such as isobutyl methylxanthine, did not greatly increase cGMP levels. 2 These findings have led us to conclude that in some passaged VSMC lines, PKG expression is not reduced but sGC is.
Examination of sGC activity and protein expression revealed that several lines of passaged VSMC express no detectable levels of sGC. Adenovirus-mediated gene transfer of a 1 sGC subunits restored expression and NO-dependent cyclase activity in passaged bovine aortic SMC. These results suggest that the reason for the loss in the capacity of these cell lines to respond to cytokines and NO donors with increases in cGMP is due to the loss in expression of sGC protein. A significant finding of the current study is that after restoration of sGC expression to passaged bovine aortic SMC, we could now readily down-regulate the expression of PKG in these cells by stimulating sGC (Fig. 7) . In primary bovine aortic SMC that have been in culture for less than 24 h, both sGC and PKG are expressed, presumably reflecting the physiologic balance between these two proteins. However, within one passage, sGC expression is suppressed, whereas PKG expression is intact. Conversely, in rat aortic SMC where PKG expression is very low but sGC expression and activity are high, transduction of constitutively active PKG down-regulates sGC ␤1 subunit expression. Chen et al. (31) also found that decreased expression of the ␤ 1 subunit of sGC was sufficient to block NO-mediated cGMP formation in SMC from aged rats. The mechanism of such suppression is not well understood but may involve suppression of sGC subunit mRNA synthesis (18 -20) or destabilization of sGC mRNA. de Frutos et al. (37) found that C-type natriuretic peptide and 8-Br-cGMP decreased sGC ␤ 1 subunit in human mesangial cells by a proteasome-dependent mechanism. Recently, Kloss, Srivastava, and Mulsch (38) have shown that activation of cAMP-dependent protein kinase (protein kinase A) inhibits the expression of mRNA-stabilizing protein, HuR, in rat aortic smooth muscle. Similar effects could be operating for the NO/cGMP-mediated down-regulation of sGC.
Thus, the current study has revealed a new dynamic balance between the expression of sGC and PKG. In culture, rat aortic SMC lose PKG expression but express very robust sGC activity and protein levels. A7r5 cells, HuAoSMC, and passaged bovine aortic SMC retain PKG expression but lose sGC expression. These findings suggest that in culture at least, VSMC may develop these adaptive mechanisms to control the NO-cGMP pathway to increase survival of the cells in culture. It is generally acknowledged that an active NO/cGMP signaling pathway can be either growth inhibitory for VSMC (28) or can promote apoptosis in VSMC (9, 29) . Endogenous mechanisms that disrupt the NO/cGMP/PKG pathway in culture may allow growth and survival of cultured VSMC.
Recent evidence suggests that sGC expression is decreased during vascular dysfunction. Kloss et al. (30) found that sGC expression is decreased in old and hypertensive strains of rats and that NO-dependent vasodilation was impaired. Decreased expression of the ␤ 1 subunit of sGC also prevented NO-mediated inhibition of DNA synthesis from VSMC from older rats (31) . Overexpression of endothelial NO synthase in transgenic mice was found to decrease sGC activity (32) , and sGC was found to be desensitized by NO within seconds (33) . Filippov et al. reported that NO decreases sGC mRNA and protein levels in pulmonary arterial SMC by a cGMP-dependent mechanism (20) . These results suggest that PKG itself may inhibit sGC expression, analogous to the effects of sGC to suppress PKG expression.
There are a number of studies using cultured VSMC to define pathways that may be involved in the expression of genes that determine specific phenotypes of the cells. In culture, for instance, rat aortic SMC rapidly lose contractile function and become highly proliferative and secretory. Coincident with this change in phenotype, there is a decrease in the expression of PKG. Restoration of PKG expression to these cells by transfection or adenoviral gene transfer causes the cells to assume a more contractile phenotype again (15) . On the other hand, cultured bovine aortic SMC and HuAoSMC express abundant contractile phenotype markers such as smooth muscle myosin heavy chain. Likewise, these cells still express PKG and still have basal levels of cGMP present (although sGC expression is negligible). Thus, it is tempting to speculate that the endogenous PKG, which has been shown by Corbin and co-workers (34) to exist in a partially active state, may be responsible in part at least for the expression of contractile phenotype markers in these cells. Loss of PKG expression, on the other hand, would lead to the loss in ability of the cells to maintain contractile phenotype markers even with robust sGC activity present.
Other studies have demonstrated the importance of regulation of PKG expression in the development of vascular disease. Pfeifer et al. (35) have shown that deletion of the PKG gene in mice resulted in hypertension and increased platelet adhesion and aggregation. Other studies have shown that PKG expression is decreased after vascular injury (16, 17) . Anderson et al. (17) demonstrated lowered PKG expression in balloon-injured porcine coronary arteries (17) . These findings were similar to those reported by Sinnaeve et al. (16) in rat carotid arteries. Furthermore, adenovirus-mediated gene transfer of the PKG I catalytic domain reduced neointima formation in rats after balloon catheter injury (16). Because loss of sGC or PKG leads to enhanced development of vascular disease, it is possible that restoration of sGC or PKG function might effect disease progression.
Although the results of these studies are consistent with an antiproliferative, proapoptotic role for the NO/cGMP/PKG pathway in vascular SMC, a recent report by Wolfsgruber et al. (36) suggests that the NO/cGMP/PKG pathway may also be pro-proliferative for vascular SMC. Both an in vivo mouse model and in vitro studies with cultured mouse aortic SMC were used to demonstrate such a role for PKG. It is not known, however, whether the high concentration of cGMP analogs used in this study could alter expression of enzymes in this pathway, making the cells more susceptible to growth factorinduced proliferation. Because the results of this study opposes many other studies regarding the role of the NO/cGMP/PKG pathway in vascular SMC growth, more studies will need to be done to more clearly assess the real biological role of cGMP and PKG on SMC growth and gene regulation.
In summary, the aim of the current study was to examine molecular mechanism involved in the coordinated expression of sGC and PKG in VSMC. We found that pro-inflammatory cytokines and LPS decrease PKG protein expression in primary bovine aortic VSMC. However, PKG protein expression was not suppressed by cytokines or LPS in several lines of passaged VSMC. Detailed analysis of these passaged cell lines revealed that these lose expression and activity of sGC with cell passage. In contrast, rat aortic VSMC lose expression of PKG but maintain sGC activity and expression. Using adenovirus-mediated gene transfer, sGC expression was restored in passaged bovine aortic VSMC. Additionally, chronic NO treatment of sGCtransduced cells resulted in a decrease in PKG expression. These results demonstrate that there is a coordination of sGC and PKG expression in VSMC, and our findings suggest an important role in the regulation of the NO-cGMP signaling pathway in the development of survival mechanism of VSMC in vitro.
